Study Design: Cross-sectional. Purpose of the Study: This study evaluates finger flexion and extension strengthening exercises using elastic resistance in chronic stroke patients. Methods: Eighteen stroke patients (mean age: 56.8 AE 7.6 years) with hemiparesis performed 3 consecutive repetitions of finger flexion and extension, using 3 different elastic resistance levels (easy, moderate, and hard). Surface electromyography was recorded from the flexor digitorum superficialis (FDS) and extensor digitorum (ED) muscles and normalized to the maximal electromyography of the non-paretic arm. Results: Maximal grip strength was 39.2 (standard deviation: 12.5) and 7.8 kg (standard deviation: 9.4) in the nonparetic and paretic hand, respectively. For the paretic hand, muscle activity was higher during finger flexion exercise than during finger extension exercise for both ED (30% [95% confidence interval {CI}: 19-40] vs 15% [95% CI: 5-25] and FDS (37% [95% CI: 27-48] vs 24% [95% CI: 13-35]). For the musculature of both the FDS and ED, no dose-response association was observed for resistance and muscle activity during the flexion exercise (P > .05). Conclusion: The finger flexion exercise showed higher muscle activity in both the flexor and extensor musculature of the forearm than the finger extension exercise. Furthermore, greater resistance did not result in higher muscle activity during the finger flexion exercise. The present results suggest that the finger flexion exercise should be the preferred strengthening exercise to achieve high levels of muscle activity in both flexor and extensor forearm muscles in chronic stroke patients. The finger extension exercise may be performed with emphasis on improving neuromuscular control. Level of Evidence: 4b.
Introduction
Stroke is a global and disabling neurological condition, affecting more than 7 million people in the United States alone. 1, 2 Although mortality rates are decreasing due to a combination of interventions and public health programs, for example, improved control of hypertension, 3 the number of stroke incidents is steadily increasing due to demographic changes in the population. 4, 5 Following stroke, up to 74% of patients rely on long-term help to perform activities of daily living (ADL), 6 and about 50% show impaired upper limb and hand function (Santisteban et al, 2016) . These numbers are not surprising, as severe motor impairments of both upper and lower limb function following stroke are seen in many patients, 2, 7 as a consequence of ischemic or hemorrhagic injury to areas associated with motor function. 8 Physical training has been shown to improve functional deficits following stroke. 9 This is especially important since low levels of physical activity do not only pose a risk factor for increased stroke mortality 10 but is also very common after stroke. 11 In this regard, bilateral muscle strength and power are impaired in this group of Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this article.patients, 12, 13 with pronounced abnormal muscle activation and diminished functional use of the distal portion of the upper limbs. 7, 14 This makes it difficult to perform most ADL as these involve the upper limb. To regain function following stroke, it is therefore recommended to implement intensive strength training in both upper and lower limb rehabilitation practices, 15, 16 underlining the importance of identifying the most effective training types and modalities.
In healthy subjects, muscle activity of forearm muscles can be used to predict hand grip forces. 17 Interestingly, the forearm extensors have been shown to fatigue faster than the flexors during isometric gripping tasks. 18, 19 In stroke patients, grip strength is associated with higher levels of independence during ADL 20 and correlates moderate to highly with function and performance tests of the upper limb. 21, 22 Although no consensus on which outcome measures to choose when evaluating upper limb function following stroke exists, 23, 24 the importance of focusing on early activation and frequent movement repetition for motor rehabilitation of the paretic hand has therefore been stressed in the stroke literature. 25, 26 The repetition of functional relevant movements, including all types of hand and finger actions, of the paretic side may thereby decrease the negative effects of depression in perilesional brain areas via discontinuation of the disuse that normally follows stroke. 27 In addition, regaining muscle strength of the paretic arm and hand should be emphasized as this may improve the odds of meeting the inclusion criteria for certain interventions.
For example, one of the most studied and successful forms of upper limb rehabilitation in chronic stroke patients, constraint-induced movement therapy, [28] [29] [30] [31] [32] [33] [34] often has strict mobility and strength requirements for participation. 30, 35 Therefore, effective hand exercises to improve the grip strength and hand function in chronic stroke patients are warranted, as these will function as a necessary precursor for the successful addition of more functional rehabilitation practices.
In this study, we evaluate muscle activity of the forearm musculature during finger flexion and extension exercises using elastic resistance. The main purpose was to clarify whether these exercises hold the potential for not only highly repetitive use but also sufficient muscle activation. Furthermore, we test the doseresponse relationship of 3 different resistances in each exercise to clarify if graded loading is initially necessary in this population and to determine whether a reliance on the flexor musculature is evident in this population. We hypothesize that the flexion and extension exercises will selectively activate the musculature of the flexors and extensors, respectively, and that a dose-response relationship of muscle activity exists between the 3 resistances of increasing resistance.
Methods

Subjects
A total of 18 (11 men and 7 women) community-dwelling participants with cerebrovascular injuries in the chronic stage (> 6 months after injury) at the Center for Rehabilitation of Brain Injury, Copenhagen, Denmark, participated in 2 sessions, consisting of (1) familiarization and (2) an experimental protocol. A priori power analysis based on another study population suggested that 16 subjects in this paired design were sufficient to obtain a statistical power of 80% at a minimal relevant difference of 10%, a type I error probability of 1%, assuming a standard deviation of 10% based on previous research in our laboratory. 36 All referrals to the study were made by physiotherapists at the Center for Rehabilitation of Brain Injury, having screened the patients for eligibility at admission. All participants were medically stable, motivated for rehabilitation, taking part in ongoing gait, cognitive, and conventional machine-based resistance training for the lower extremities at least twice a week. All training modalities were individualized and performed in a progressive manner, and all participants were cleared for strenuous physical exercise. The participants did not perform resistance exercises for the upper extremities before this study. Gait function had to be moderately to severely impaired, defined as a maximum walking distance of less than 50% of the normal walking speed for age-, height-, weight-, and sex-matched healthy individuals. Further criteria for inclusion were a chronicity of more than 6 months and a moderate to severe hemiparesis with unilateral weakness, which, in addition to gait function, was based on the physiotherapists' evaluation of side-side differences in strength and function. Exclusion criteria were alcohol or substance abuse, resting blood pressure above 160/100 mmHg, psychiatric diseases, and any progressive diseases. Table 1 shows the demographics of the participants.
Electromyography (EMG) signal sampling
Before placing the electrodes (Blue Sensor N-00-S; Ambu A/S, Ballerup, Denmark), the skin was cleaned, shaved, and prepared with scrubbing gel (Acqua gel; Meditec, Parma, Italy) to lower skin impedance. 37 Our laboratory has previously found strong correlations between normalized EMG and perceived exertion during dynamic resistance exercises, 38 and EMG is generally accepted as a proxy measure for force in nonfatigued states. 39 EMG signals were recorded from the flexor digitorum superficialis (FDS) and extensor digitorum (ED) muscles. 17, 40, 41 A bipolar surface EMG configuration (Neuroline 720 01-K; Medicotest A/S, Ølstykke, Denmark) with an interelectrode distance of 2 cm was used. 42, 43 The EMG electrodes were connected directly to wireless probes that preamplified the signal (gain 400) and transmitted data in real time to a nearby 16-channel PC-interface receiver (TeleMyo DTS Telemetry; Noraxon, AZ). The sampling rate was set to 1500 Hz with a bandwidth of 10-500 Hz to avoid aliasing. The resolution of the signals was 16 bit. The common mode rejection ratio was >100 dB.
Familiarization and experimental protocol
At the first session, the participants were familiarized with the exercises used in the experimental protocol. At the second session, the participants arrived at the Center for Rehabilitation of Brain Injury after breakfast. The EMG apparatus was applied on one side at a time and fixated with adhesive tape (Fixomull; BSN medical GmbH, Hamburg, Germany), after which the subject was asked to perform various movements to confirm comfort and strength of the application. The order of exercises and hands was randomized and counterbalanced. Each participant chose blindly by selecting a piece of paper, hereby receiving an unknown exercise order.
Experimental design
Exercise equipment and description Elastic resistance was used for the finger flexion and extension exercises (TheraBand Hand Exerciser and TheraBand Hand Xtrainer, respectively, TheraBand, Akron, OH). We used 3 different resistances; red, green, and blue which according to the manufacturer corresponds to beginner/easy, intermediate/moderate, and advanced/hard, respectively. The exercises were performed in the full available range of motion in a seated position with the forearm resting on the thigh (Fig. 1 ). We performed visual inspection of the range of motion but did not objectively measure this with inclinometers. The participants were instructed to use the fingers only and to keep the wrist in a neutral position. If the participant failed to perform the exercise accordingly the recording was discarded and the exercise repeated. However, none of the participants required more than 2 trials for any measurement. The participants were instructed to squeeze the ball and release (flexion exercise) and to extend the fingers and relax (extension exercise) against the resistance for 3 repetitions in a controlled manner.
In the same study population, we have previously reported muscle activity during strength training exercises for the lower extremities. 43, 44 
Maximal voluntary isometric contraction (MVC)
At the end of the experimental protocol outlined previously, isometric MVCs were performed with a hand-held dynamometer (Jamar Hand Dynamometer) as previously described. 21 Two MVCs were performed for each hand, and the highest value was used for later analysis. The participants were instructed to exert maximal force for 5 seconds and were allowed 1 minute of rest between sets. Strong verbal encouragement was given during these trials. Hand dynamometry with the Jamar Hand Dynamometer has been shown to exhibit excellent test-retest reliability (0.97-0.99).
21
Ethics All participants were informed about the purpose and content of the study and gave their written informed consent. Before participating in the experimental protocol, the subjects received additional information by email and were verbally informed at the familiarization session. The study conformed to the Declaration of Helsinki and was approved by the local ethical committee (H-3-2010-062).
Data analysis
During subsequent analysis, all raw EMG signals obtained during MVCs as well as during the exercises were digitally filtered, consisting of (1) high-pass filtering at 10 Hz and (2) a moving root mean square filter of 500 ms. For each individual muscle, peak root mean square EMG during 500 ms. of the 3 repetitions performed was determined, and the average value of these 3 repetitions was normalized to the maximal obtained EMG (nEMG) of the nonparetic arm. 38, 43 Because stroke patients cannot maximally activate the paretic side, this normalization was performed as the best alternative to make muscle activity comparison between limbs possible.
Statistical analysis
First, for the 2 exercises and muscles separately, a linear mixed model (Proc Mixed, SAS version 9; SAS Institute, Cary, NC) was used to determine whether differences in muscle activation existed between hand (paretic and nonparetic) and resistance (easy, moderate, and hard). nEMG of each muscle was the dependent variable. Hand and resistance were fixed factors. Subject was entered in the model as a random factor. Second, in similar ways, we tested whether differences existed between muscle and resistance and between exercise and resistance. Values are reported as least square means (95% confidence interval [CI]) unless otherwise stated. Differences between exercises are stated as least square means percentage points of nEMG and 95% CI. P values <.05 were considered statistically significant.
Results
Hand grip strength measured using a hand dynamometer was 39.2 (standard deviation: 12.5) and 7.8 kg (standard deviation: 9.4) in the nonparetic and paretic hand, respectively (P < .0001). In addition, we performed an exploratory analysis to test whether an interaction existed between gender and resistance for the normalized EMG activity. These results showed nonsignificant gender by resistance interactions for both the paretic (P ¼ .18) and the nonparetic side (P ¼ .65).
Differences between exercises and muscles
Paretic hand
During the finger extension exercise, muscle activity of FDS was higher than ED when combining all 3 resistances (24% Fig. 2 shows the differences between exercises and muscles. Examples of the raw EMG recordings are illustrated in Figs. 3 and 4 for the paretic and nonparetic hand, respectively. 
Dose response between resistance and muscle activity
Paretic hand For the musculature of both the FDS and ED, no differences were found between resistances during the flexion exercise (P > .05). In addition, no differences were found in the ED musculature during the extension exercise. In contrast, a significant difference was found between the moderate and hard resistances for the FDS musculature during the extension exercise (P < .05).
Nonparetic hand
For the musculature of both the FDS and ED, no differences were found between resistances during the flexion exercise (P > .05). In addition, no differences were found in the ED musculature during the extension exercise. In contrast, significant differences were found between the easy and moderate resistance (P < .05) and between the moderate and hard resistance (P < .05) for the FDS musculature during the extension exercise (Fig. 5) . 
Discussion
This study shows that the finger flexion exercise was most effective in activating the musculature of both the finger flexors and extensors. The finger extension exercise predominantly activated the finger extensors but to a lesser extent than the finger flexor exercise. Furthermore, no dose response was observed between resistances and muscle activity during the flexion exercise for the flexor or extensor musculature in either the paretic or the nonparetic hand. In contrast, a dose-response relationship was observed for the flexor musculature during finger extensions.
Because the patients were introduced to the finger extension exercise for the first time as part of this study, this holds a significant exploratory component. From a practical perspective, the finger extension exercise was perceived as difficult for the patients, as a consequence of the hypertonic flexed position of the paretic hand. In several cases, no actual movement was observed during the finger extension exercise. However, the nEMG results show that activation of the ED was possible during finger extension on both sides, which indicates that this exercise could be included in rehabilitation of hand and finger function in chronic stroke patients. If rehabilitation centers do not have biofeedback equipment available, educating the patients about the long-term benefits of performing finger extensions, even without any initial range of motion, could prove essential for motivation and progress.
Exercise comparisondflexion vs extension
For the paretic hand during finger flexion, nEMG values ranged between 28%-33% and 34%-40% for the musculature of ED and FDS, respectively. Furthermore, nEMG values during finger extension ranged between 16%-19% and 23%-26% for the musculature of ED and FDS, respectively. In comparison, nEMG values of the nonparetic hand during finger flexion ranged between 66%-72% and 58%-59% and between 52%-57% and 26%-38% during finger flexion for ED and FDS, respectively. The observed level of muscle activity of the flexor and extensor musculature was expected during the flexion and extension exercise, respectively. However, the fact that muscle activity of both ED and FDS was higher during the flexion exercise than during the extension exercise for the paretic hand provides a novel finding and indicates a high level of co-contraction when stroke patients are performing finger flexions. This abnormal motor pattern, exemplified by the agonist:antagonist muscle activity ratio, highlights the established notion that the paretic hand typically displays the greatest motor control impairment of the upper limbs. 45 Few studies have investigated muscle activity of the forearm during hand grip performance tests in healthy subjects. Although FDS muscle activity have been shown to predict hand grip forces, 17 the forearm extensors generally exhibit a wrist-stabilizing role with equal or lower muscle activation and fatigue more rapidly than the flexors. 18, 19 Therefore, there seems to be a difference in muscle activation strategies during hand grip tests between chronic stroke patients and healthy subjects. Moreover, as the same pattern, that is, higher activity of ED during finger flexions compared with finger extensions, was observed for the nonparetic hand in this study, the finger flexion exercise generally proves to be superior in activating both the flexor and extensor musculature of the forearm in chronic stroke patients. This apparent inability to control muscle activation during an upper limb exercise highlights a diminished precision of neuromuscular control. It is well known that impaired force control is a common residual side effect of stroke, 46, 47 which is often characterized as reduced steadiness of force output and higher force variability. Furthermore, the results likely reflect the preferred and most intact hand movement in chronic stroke patients, indicating that a preference for flexion over extension is not limited to the paretic side. Similar to the commonly observed muscle-and contraction-specific differences in strength and activation following stroke, [48] [49] [50] [51] it is likely that the stroke-related hypertonicity causes an exacerbated reliance on flexor muscle activity during upper extremity flexion and extension exercises. However, at this point, it is not possible to distinguish between the functional deficits due to hypertonicity/spasticity and the inability to control muscle activation. However, because rehabilitation programs are not designed according to the individual degree of spasticity, the choice of intervention remains the same. Although uncontrolled finger activity and movement have been reported in the literature and appears to be a primary factor in hand impairment after stoke, [52] [53] [54] it is difficult to compare our results with previous findings due to the scarcity of EMG studies evaluating dynamic hand exercises in chronic stroke patients. 7 However, studies in subacute patients show improvements in motor function following hand and finger flexion and extension exercises, 26 whichdin conjunction with the present studydindicates that repetitive hand and finger exercises have the potential to improve upper limb function in stroke patients regardless of recovery stage. 
Dose response between resistances
In this study with resistances corresponding to easy, moderate, and hard, we found no dose-response relationship between resistance and muscle activity during the flexion exercise. However, such dose-response relationship was observed for the flexor musculature during the extension exercise. Considering the low levels of antagonist muscle activity for all 3 resistances during finger extension, this dose response holds little if any practical value in terms of muscle activation for relevant strength gains. Therefore, as no dose-response relationship was observed from the expected prime movers during the 2 exercises, it is likely that this population will not initially experience further benefits from choosing a higher resistance when performing finger exercises and should focus on performing more repetitions instead. This finding is most likely exercise-and muscle specific as a consequence of impaired neuromuscular control of the distal upper extremities. Future research evaluating rehabilitation exercises should therefore aim to determine when graded loading is necessary.
Practical application and perspectives
For a rehabilitation modality to be successful, it needs to fulfill certain practical criteria: considering the importance of starting the rehabilitation after stroke as early as possible, [55] [56] [57] the easyaccessible and low-cost elastic resistance used in this study provides an attractive solution. Furthermore, recent reviews highlight the positive relationship between the amount of therapy and therapy outcomes, 58, 59 emphasizing the importance of both the dose-response and dose-timing relationships between stroke therapy and clinically meaningful improvements.
The results from this study show that chronic stroke patients succeed in achieving high levels of muscle activity (ie, 58%-72% nEMG during the flexion exercise) of the nonparetic forearm musculature using elastic resistance. Furthermore, we found that the lowest resistance provides a sufficient stimulus, indicating that only one level of resistance is necessary for optimally activating the prime movers of the forearm musculature. However, the need for progressive resistance will most likely become apparent as the muscle strength of the flexors and extensors increase. In addition, we found thatdfrom a muscle activation perspectivedthe finger flexion exercise is the only exercise needed of those tested in the present study, to achieve high levels of the measured forearm muscle activity in chronic stroke patients. This is especially important in a practical rehabilitation setting where changing between exercises and equipment takes up valuable time that should be spent increasing the amount of active therapy.
From a neurorehabilitation perspective, the lack of forearm extensor activity and control is worrisome, with this study showing that chronic stroke patients can neither fully nor selectively activate the extensors using the finger extension exercise. This is highly problematic, as an important criterion for successfully performing constraint-induced movement therapy is the ability to extend the fingers of the affected hand. 30 In addition, the ability to perform finger extensions acutely after stroke predicts functional recovery at 6 months. 60 In cases where neuromuscular control and strength of the paretic hand is diminished, the finger flexion and extension exercises from this study should initially be performed on the nonparetic side as well, as unilateral training has shown positive effects on contralateral muscle function in stroke patients. 61 This form of rehabilitation may be combined with bilateral priming that involves repetitive mirror-movement training, which has been shown to accelerate early neuromuscular and upper limb recovery. 62 Future research should investigate how the early combination of performing repetitive high-volume, unilateral finger flexion and extensionsdwith or without the addition of bilateral primingdaffects the success of interventions and ultimately stroke recovery. Limitations of this study include the inherent variance of EMG measurements as a proxy for strength. Furthermore, the fact that we did not measure all the flexors and extensors of the forearm musculature means that we are unable to quantify the activity of nonprime movers participating in the chosen exercises. In addition, although high-intensity and repetitive practice elicits improvements in acute and chronic stroke patients alike, therapists should always consider and tailor rehabilitative exercises according to individual goals and stage of recovery.
Conclusion
The finger flexion exercise showed higher muscle activation in both the flexor and extensor musculature of the forearm of the paretic arm compared with the finger extension exercise. Furthermore, no dose-response relationship between resistance and muscle activation was observed during the finger flexion exercise suggesting that a single resistance level is adequate for most chronic stroke patients. The finger extension proved difficult to perform and elicited low levels of muscle activity. Therefore, the finger flexion exercise shoulddregardless of resistancedbe incorporated as an essential part of the upper limb rehabilitation while the finger extension exercise may be performed with emphasis on improving neuromuscular control.
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